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Ozone exposure produces acute inflammation and neutrophil influx
in the distal lung. Alveolar epithelial cells cover a large surface area,
secrete chemokines, and may initiate or modify the inflammatory
response. The effect of ozone on chemokine production by these
cells has not been defined. Isolated rat type II cells were cultured
in different conditions to express the morphologic appearance and
biochemical markers for the type I and the type II cell phenotypes.
These cells were exposed to ozone at an air/liquid interface. The
type I–like cells were more susceptible to injury than the type II
cells and showed signs of injury at exposure levels of 100 ppb ozone
for 60 min. Both phenotypes showed evidence of lipid peroxidation
after ozone exposure as measured by 8-isoprostane production, but
neither phenotype secreted increased amounts of MIP-2 (CXCL3),
CINC-1 (CXCL1), or MCP-1 (CCL2) in response to ozone. Both cell
phenotypes secreted MIP-2 and MCP-1 in response to IL-1� or
lipopolysaccharide, but there was no priming or synergy with
ozone. It is likely that the inflammatory response to ozone in the
alveolar compartment is not due to the direct effect of ozone on
epithelial cells.
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Ozone penetrates deep into the lung and produces acute in-
flammation and adverse respiratory health effects in animals and
humans. Ozone causes injury primarily in alveolar ducts and
terminal bronchioles but also in conducting airways and proximal
alveolar regions (1–3). Alveolar and airway epithelial cells are
among the first cells to come in contact with inhaled ozone and
thus constitute one of the primary targets for ozone toxicity.
Exposure to ozone induces acute inflammation and a neutrophil
influx in vivo (4–6). In humans and monkeys, the neutrophil
influx has been suggested to be due to secretion of IL-8 (7–9).
Despite these reproducible studies on acute inflammation
in vivo, little is known about the primary cell type responsible
for initiation of the inflammatory response or if the effect of
ozone is direct or indirect.
Ozone is thought to stimulate resident lung cells to secrete

a variety of chemoattractants (10–12). The resident cells respon-
sible and the determination of the signaling molecules and path-
ways involved have not been defined. Isolated alveolar macro-
phages and THP-1 cells derived from monocytic leukemic cells
failed to secrete chemokines in response to ozone in some studies
(13, 14) but were reported to secrete IL-8 in another study (15).
These results suggest that macrophages may not be the prime
target for induction of the inflammatory response or that a more
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complicated signaling process may be involved. Although there
have been toxicity studies of the effect of ozone on alveolar
epithelial cells, the effect of ozone on chemokine production
has not been reported (16). A human lung cancer cell line (A549
cells), bronchial epithelial cells (BEAS-2B), and human nasal
epithelial cells have been reported to secrete chemokines and
cytokines in response to ozone in vitro (9, 13, 17–19). However,
the chemokine stimulation is modest, and there are observations
that ozone did not increase chemokine secretion (20). In vivo
there is good evidence that monkey bronchial epithelial cells
express and secrete IL-8 in response to ozone and that the
neutrophil chemotactic activity is inhibited by a neutralizing
antibody to IL-8 (9).Hence, the epithelium is likely to participate
in the inflammatory response to ozone in vivo, but the direct
effects of ozone on epithelial cells in vitro is modest, and the
signaling pathways may be complex.
Alveolar epithelial cells are likely targets of ozone and a

source of inflammatory chemokines. Type I cells comprise 95%
of the surface area of the alveolar epithelium, and, although
they do not produce surfactant, they are metabolically active and
may play physiologically important roles in alveolar homeostasis
(21, 22). Type II cells transdifferentiated in culture to display
morphologic and surface markers of type I–like cells have been
reported to secrete chemokines (23, 24). Type II cells produce
pulmonary surfactant and have been reported to secrete or ex-
press chemokines in vitro and in vivo (25–28). Hence, both cell
types could initiate or modify the inflammatory response to
ozone. The ability of these two phenotypes to produce chemo-
kines in response to ozone has not been reported.
In this study, we sought to determine if alveolar type I–like

cells or type II cells secrete chemokines in direct response to
ozone and if exposure to IL-1� or LPS would enhance this effect.
We focused on secretion ofMIP-2 (CINC-3/CXCL3) andMCP-1
(CCL2) because their mRNA levels are increased after exposure
to ozone and show synergy with LPS and ozone in vivo (29).
We hypothesized that type II cells would secrete chemokines in
response to ozone and that this effect would be greatly enhanced
by pre-exposure to IL-1� or LPS.

MATERIALS AND METHODS

Type II Cell Isolation

Alveolar type II cells were isolated from pathogen-free adult male
Sprague-Dawley rats (Harlan Sprague Dawley, Indianapolis, IN) by
dissociation with porcine pancreatic elastase (Roche Molecular Bio-
chemicals, Indianapolis, IN) and partial purification on discontinuous
density gradients by standard methods (30–32). The only major differ-
ence from previous reports was that the density gradient wasmade from
Optiprep (Axis-Shield Poc As, Oslo, Norway) instead of Metrizamide.

Culture in Apical-Access System

Type II cells were plated on a filter insert (0.4-�m pore, 30 mm diame-
ter) (Millicell-CM;Millipore Corp., Bedford, MA) that had been coated
with 0.4 ml of a 4:1 (vol/vol) mixture of rat-tail collagen and Engelbreth-
Holm-Swarm (EHS) tumor matrix (Matrigel; Collaborative Biocheme-
dical Products, Bedford, MA) (31, 32). The mixture was prepared at
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4�C and allowed to polymerize at 37�C and contained � 0.8 mg rat tail
collagen and 2 mg EHS protein per milliliter. Freshly isolated viable
type II cells (2.5 � 106) were plated in 1 ml of Dulbecco’s modified
Eagle’s medium (DMEM) containing 5% rat serum (RS) (Pel-Freez
Biologicals, Rogers, AR), 2 mM glutamine, 2.5 �g/ml amphotericin B,
100 �g/ml streptomycin, 100 �g/ml penicillin G (all from GIBCO BRL,
Life Technologies Inc., Rockville, MD), and 10 �g/ml gentamicin
(Sigma-Aldrich, St. Louis, MO). Two milliliters of the same medium
were added in the basolateral compartment of each well. After attach-
ment for 24 h, the monolayers were rinsed twice with DMEM. For the
type I–like cell phenotype, the alveolar epithelial cells were cultured
in DMEM supplemented with 5% FBS but without keratinocyte growth
factor (KGF). For the type II phenotype, the cells were cultured in
DMEM containing 5% RS and 10 ng/ml KGF. Each well contained
0.4 ml of apical medium and 2.0 ml of basolateral medium. The six-
well plates were incubated on a rocking platform inside a humidified
incubator gassed with 10% CO2 after 48-h medium was replaced with
new medium with the addition of 10�8 M dexamethasone (dex). This
was done to maximally differentiate type II cells. The dex was added
to the type I–like cells to keep the basal media similar for the two cell
phenotypes. In later experiments involving LPS, dex was omitted from
all cultures.

In Vitro Ozone Exposure

Cells were exposed to ozone in an in vitro exposure chamber that has
a precisely regulated concentration of ozone and is fully humidified
(33). Ozone was generated by passing oxygen through an ozone genera-
tor (Model OZ2SS-SS; Ozotech, Yreka, CA). Four specifically designed
3.6-l glass chambers were used to expose the cultured cells. One of
these chambers was used as a control chamber and received humidified
and warm air/CO2 mixtures. The other three chambers received a speci-
fied concentration of ozone. All chambers were fitted with rocking
platforms to ensure uniform exposure of the monolayer. Before the
exposures, medium from the apical surface was completely removed,
and 1 ml of medium was added to the basolateral compartment. Cultured
cells were exposed to different concentrations of ozone or air for 60 min.
Ozone concentration in the ozone exposure chamber was precisely ana-
lyzed by an ozone analyzer (Model MD-050-12-f-4; Perma Pure Inc.,
Toms River, NJ) and regulated by a computerized feedback system.

LPS Stimulation of Alveolar Epithelial Cells

Type II and type I–like cells were exposed to LPS (Escherichia coli
serotype 055:B5; Sigma Chemical Co., St. Louis, MO) diluted inDMEM
with 5% RS or DMEM with 5% FBS, respectively, for type II and type
I–like cells. LPS was dissolved in DMEM and sonicated for 20 min at
25�C in a Branson 1510 water bath sonicator (Branson Ultrasonics
Corp., Danbury, CT) before dilution.

Experimental Design

The cells were exposed to ozone on the seventh day of culture (Day 6
under air/liquid conditions). Rat alveolar cells were primed with IL-1�
(10 ng/ml) 4 h before ozone exposure (100 ppb) or stimulated with
IL-1� (10 ng/ml) immediately after ozone exposure. In LPS-priming
experiments, cells were incubated with LPS (10 ng/ml) for 18 h before
ozone exposure. The cells were exposed to variable concentrations of
LPS for 18 h to stimulate the cells; medium was changed; and cells were
incubated for 24 h for protein, nitrite, and 8-isoprostane detection. Apical
and basolateral media were pooled, collected, and spun at 2,700 � g
for 10 min and kept frozen at �20�C until assayed.

Immunocytochemistry and Western Blot Analysis for T1�

Immunocytochemistry staining was performed on cultured type I–like
cells as previously described (34). The cultured cells were fixed in 4%
paraformaldehyde, embedded in paraffin, and sectioned. Sections were
stained with hematoxylin and eosin for light microscopy. For immuno-
fluorescence staining, paraffin-embedded sections or directly fixed
monolayer cultures on filters were subjected for localization of T1�
with a mouse anti-rat T1� IgG (gift of Dr. Mary Williams, Boston
University, Boston, MA) and CY3-labeled Alexa Fluor 594 donkey
anti-mouse IgG (Molecular Probes Inc., Eugene, OR). The sections
were counterstained with 4�,6-diamidino-2-phenylindole for nuclear
morphology, visualized by fluorescent microscopy, and photographed.

For immunoblot analyses, cell lysates from different culture condi-
tions were separated by SDS-PAGE using precast 18% acrylamide
Tris-glycine gels (Invitrogen Life Technologies, Carlsbad, CA). Proteins
were transferred to nitrocellulose membranes for 2 h at 30 V at 4�C,
and the membrane was blocked with 5% nonfat dry milk in Tris-Tween
buffered saline (TTBS) (20 mM Tris-Hcl, 137 mM NaCl, and 0.05%
Tween 20 [pH 7.5]) for 1 h. The blot was incubated with a mouse
monoclonal anti-T1� antibody (a gift of Dr. Mary Williams), diluted
in 5% nonfat dry milk in TTBS (1:500 vol/vol), and incubated overnight
at 4�C with rocking. The blot was washed three times with TTBS
and developed using secondary antibody conjugated with anti-mouse
horseradish peroxidase (Jackson ImmunoResearch Laboratories, Inc.,
West Grove, PA) at a 1/5,000 dilution in TTBS, and antigen–antibody
complexes were detected by chemiluminescence (ECL Plus; Amersham
Pharmacia Biotech, Piscataway, NJ) and exposure to Hyperfilm (Amer-
sham Pharmacia Biotech).

Measurement of DNA

Toharvest type I–like cells and type II cells forDNAassay, the collagen-
EHS gels were teased off the insert and placed in a polypropylene tube.
The gel was digested with 1 ml of a 1:4 (vol/vol) mixture of 5 mg/ml
type I collagenase (Worthington Biochemical Corp., Lakewood, NJ)
in DMEM and dispase (BD Biosciences, Bedford, MA) for 60 min at
37�C. The cells were diluted in saline, sedimented, resuspended, and
washed once before resuspension in phosphate buffer containingEDTA
for the DNA analysis. The suspension was frozen and stored at �20�C.
After thawing, cells were sonicated, and DNA content was measured
fluorometrically (35).

Measurement of Chemokine Secretion

Chemokines were measured by commercially available ELISA kits
MCP-1 and MIP-2 (BioSource, Camarillo, CA) and CINC-1 (Assay
Design, Inc., Ann Arbor, MI) according to the manufacturer’s instruc-
tions. CINC-2 and LIX (CXCL5) were measured with an ELISA based
on standard techniques, with standards and antibodies provided by
R&D Systems (Minneapolis, MN). The antibody for CINC-2�
(R&D Systems) used in this ELISA shows significant crossreactivity
to CINC-2�; hence, the product of this ELISA is referred to as CINC-2.
The CINC-2 and LIX ELISA assays were developed by ELISA Tech
(Aurora, CO).

Measurement of 8-Isoprostane

8-Isoprostane, a marker of lipid peroxidation, was measured with a
commercially available enzyme immunoassay kit (Cayman Chemical
Co., Ann Arbor, MI) by a competitive enzyme immunoassay according
to the manufacturer’s instructions.

Determination of Nitrite

After LPS treatment, the amount of nitrite, an oxidative product of
nitric oxide, in culture medium of type I–like and type II cells was de-
tected by a colorimetric assay using the Griess reaction. Briefly, 100 �l
of supernatant medium was reacted for 10 min at room temperature
with an equal volume of Griess reagent (1% sulfanilamide, 0.1% naph-
thylethylene diaminedihydrochloride, and 2.5% phosphoric acid). Opti-
cal density was measured at 550 nm. Nitrite content was quantified by
comparison with a standard curve generated with sodium nitrite in the
range of 0–100 �M.

Statistical Analyses

Data are represented as the mean � SEM. For statistical analysis, the
test used depended on the experimental design. For the effect of ozone
on the two phenotypes, a paired two-tailed t test was used. For the
dose–response relationships and the effect of pre- and post-treatment
with IL-1�, the results were analyzed by ANOVA and Dunnett’s test.
A P value of 	 0.05 was considered to indicate a significant difference
between the groups.

RESULTS

Characterization of Type II and Type I–Like Cells

The type II cell cultures have been described previously (31, 32).
These cells secrete surfactant components and have a cuboidal
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shape, apical microvilli, and numerous intracellular organelles
typical of type II cells (31). The isolated type II cells were also
cultured to transdifferentiate into type I–like cells that express
T1� (Figure 1). These cells are flat, spread out, and express genes
typical of type I cells and have a markedly reduced expression of
genes of the type II phenotype.

Figure 1. Characterization of rat alveolar type I-like cells. Rat alveolar
type I–like cells were cultured as described in MATERIALS AND METHODS.
(A ) Sections from paraffin-embedded cells were stained with hematoxy-
lin and eosin. (B ) Immunofluorescence detection of T1� in type I–like
cells cultured on matrix-coated inserts was done after cell fixation in
4% paraformaldehyde. (C ) Western blot analysis for T1� protein in rat
alveolar epithelial cells cultured on different culture conditions for 6 d.
Lane 1: Cells cultured on tissue culture plastic in 5% FBS supplemented-
DMEM. Lane 2: Cells cultured on insert coated with 0.4 ml of a 4:1(vol/
vol) mixture of rat tail collagen and Matrigel in 5% FBS-supplemented
media. dex (10�8 M) was added for last 4 d of culture (type I–like cell
phenotype). Lane 3: Cells cultured on insert coated with a mixture of
rat-tail collagen and Matrigel in media supplemented with 5% RS,
10 ng/ml KGF, and 10�8 M dex (type II cell phenotype). The results
are representative of three independent experiments.

Type I–Like Cells Are More Susceptible to Ozone than
Type II Cells

The type II cells and type I–like cells were exposed to air or
ozone (100 ppb) for 1 h. Cells and medium were harvested
24 h after exposure. Immediately after exposure, there was no
obviousmorphologic effect due to the ozone exposure.However,
by 24 h, the type I–like cells were visibly injured, whereas the
type II cell phenotype showed only minor changes. In the type
I–like cells, ozone caused a significant detachment as measured
by decrease in DNA/well (Figure 2A). For type I–like cells
exposed to air, there were 3.89 � 0.34 �g DNA/well; for type
I–like cells exposed to ozone, there were 1.51 � 0.62 �g DNA/
well (n 
 5). For type II cells exposed to air, there were 21.45 �
1.80 �g DNA/well; for type II cells exposed to ozone, there
were 17.2� 1.3 �g DNA/well. Both phenotypes secretedMCP-1
(CCL2) andMIP-2 (CXCL3, CINC-3) into the medium (Figures
2B and 2C). However, there was no increase in secreted MIP-2
or MCP-1 that could be attributed to ozone exposure. For the
type I–like cell phenotype, the levels of MCP-1 and MIP-2 in
the medium were 736 � 296 pg/ml and 824 � 150 pg/ml, respec-
tively. For the type II cell phenotype, the levels of MCP-1 and
MIP-2 in the medium were 670 � 290 pg/ml and 7,640 � 2,450
pg/ml. Concentrations of ozone up to 400 ppb for 60 min did
not elicit a chemokine response in either phenotype (Figure 3).
In the studies of direct ozone exposure, we did not find
any additional secretion of MCP-1, CINC-1, CINC-2, MIP-2
(CINC-3), andLIX (CXCL5) by either alveolar epithelial pheno-
type. In spite of a lack of chemokine secretion, ozone exposure
induced lipid peroxidation as measured by 8-isoprostane release
into the medium in both phenotypes (Figure 2D). For type I–like
cells, the 8-isoprostane level was 31.88 � 8.09 pg/ml; for type II
cells, the 8-isoprostane level was 460.8 � 243.7 pg/ml.

IL-1� Stimulates MCP-1 and MIP-2 in Type I–Like Cells and
Type II Cells

Because of insignificant changes in secretion of MCP-1 and
MIP-2 in response to ozone alone, we used IL-1� (10 ng/ml) to
prime and stimulate both cell phenotypes before and after ozone
exposure (Figures 4 and 5). Both phenotypes secreted MCP-1
and MIP-2 in response to IL-1�, but there was no synergism
with ozone exposure (Figures 4B, 4C, 5B, and 5C). After ozone
exposure, both cell types increased secretion of MIP-2 and
MCP-1 in response to IL-1�, which indicates that the ozone
exposure did not prevent a chemokine response. In these experi-
ments, there was no chemokine response due to ozone exposure
alone in either phenotype. Similar results were seen for CINC-1,
LIX, and CINC-2 (data not shown). IL-1� did not alter isopros-
tane production in air or after ozone exposure (Figures 4D and
5D). IL-1� also did not alter detachment or DNA/well compared
with wells without IL-1� (Figures 4A and 5A).
In the absence of effects of ozone exposure on cytokine pro-

duction and the lack of synergy with IL-1�, we ran controls with
A549 cells. These cells have been reported to secrete IL-8 in
response to ozone (36). We also found that ozone increased IL-8
secretion from 2.3 ng/ml (air) to 4.0 ng/ml after 400 ppb ozone
for 60 min, but this response was minimal compared with the
effect of IL-1�, which increased A549 cell secretion of IL-8 to
172 ng/ml. Hence, we concluded that our exposure system was
valid and produced similar effects to that in the literature for
A549 cells but that the chemokine response to ozone in A549
cells was minimal compared with chemokine stimulation with
IL-1�.

Type I–Like Cells Secrete MCP-1 and MIP-2 in Response to
LPS, but There Is No Synergy with Ozone

Because LPS has been reported to increase the chemokine
response to ozone in vivo, we evaluated the effect of LPS
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Figure 2. Ozone produces toxic-
ity but no chemokine secretion.
Cells were cultured and exposed
to air (control [ctrl]) or to ozone
100 ppb for 60 min and cultured
for an additional 24 h. (A ) DNA/
well, which was selected as a
marker of toxicity as a measure
of cell detachment. (B and C )
Secretion of the chemokines
MCP-1 and MIP-2 into the me-
dia. (D ) 8-Isoprostane levels in
the medium as a marker of lipid
peroxidation. The values are nor-
malized to the air control, and
values representmean� SEM for
five different experiments. *P 	

0.05 compared with control.

pretreatment in vitro (29). In type I–like cells, LPS stimulated
MCP-1 and MIP-2 in a dose-dependent manner (Figures 6A and
6B). For the type I–like cells, maximum stimulation for MCP-1
and MIP-2 was elicited with 100–300 ng/ml LPS. In addition,
LPS increased nitrite production in a dose-dependent manner
(Figure 6C). LPS caused no change in isoprostane level in the
medium or changes inDNAperwell (data not shown).However,
previous exposure to 10 ng/ml LPS for 18 h did not prime the
cells for a chemokine response to ozone (Figures 7B and 7C).
LPS increased nitrite secretion, but there was no further increase
with ozone (Figure 7D). 8-Isoprostane production increased in
response to ozone as in previous experiments but was not altered

Figure 3. High levels of ozone fail to elicit a chemokine
response in either phenotype. Type I–like and type II
cells were cultured as described in MATERIALS AND
METHODS and exposed to air and different concentra-
tions of ozone (100, 200, and 400 ppb) for 60 min and
cultured for an additional 24 h. (A and C ) Secretion of
CINC-1 and MIP-2 in type I–like cells. (B and D ) Secre-
tion of CINC-1 and MIP-2 protein in type II cells in
response to different doses of ozone. These results are
representative of two independent experiments.

by exposure to LPS (Figure 7E). Similarly, LPS did not alter
the loss of DNA per well after ozone exposure (Figure 7A).

Type II Cells Secrete MCP-1 and MIP-2 in Response to LPS,
but There Is No Synergy with Subsequent Ozone Exposure

Rat type II cells were cultured in 5% RS and KGF to determine
the response of LPS on chemokine secretion. LPS stimulated
MCP-1 and MIP-2 in a dose-dependent manner (Figures 8A and
8B). For the type II cell phenotype, maximum stimulation for
MCP-1 andMIP-2 was elicitedwith 300 ng/ml–1 �g/ml LPS. Nitrite
production also increased with increasing LPS concentration in a
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Figure 4. IL-1� stimulates type I–like cells to secrete
MCP-1 and MIP-2. Cultured type I–like cells were
incubated with 10 ng/ml IL-1� 4 h before (pre) or
immediately after (post) exposure to filtered air or
ozone. Cells without IL-1� are indicated as controls
(ctrl). (A ) Cell attachment asmeasured byDNA/well.
There was no effect by IL-1� treatment, but there
was an ozone effect. (B and C ) There was increased
secretion of chemokines by IL-1� but no effect of
ozone. (D ) The 8-isoprostane level was increased
with ozone. Values represent mean � SEM for five
different experiments. *P 	 0.05 for the untreated
ozone exposure compared with air. The pound sign
(#) signifies the effect of IL-1� compared with the
appropriate air or ozone controls. In this series of
experiments, the air control values were as follows:
(A ) 3.90 � 0.34 �g DNA/well; (B ) 736 � 296 pg
MCP-1/ml; (C ) 825 � 151 pg MIP-2/ml; and (D )
31.9 � 8.1 pg 8-isoprostane/ml.

dose-dependent manner (Figure 8C). LPS did not alter
8-isoprostane levels in these experiments (data not shown).
Because LPS stimulated chemokine secretion, we sought to

determine whether ozone exposure would increase the effect
of a previous low dose of LPS (Figure 9). However, previous
exposure to 10 ng/ml LPS for 18 h did not prime the cell for
chemokine response to ozone (Figures 9B and 9C). LPS also
did not alter the DNA per well or 8-isoprostane production
(Figures 9A and 9E). However, LPS did alter nitrite secretion,
but there was no synergy with ozone exposure given after the
LPS treatment (Figure 9D).

Figure 5. IL-1� stimulates type
II cells to secrete MCP-1 and
MIP-2. Cultured type II cells
were incubated with 10 ng/ml
IL-1� 4 h before (pre) or imme-
diately after (post) exposure to
filtered air or ozone. Cells with-
out IL-1� are indicated as con-
trols (ctrl). (A ) Cell attachment
as measured by DNA/well. (B
and C ) There was increased se-
cretion of MCP-1 andMIP-2 by
IL-1� but no effect of ozone.
(D) 8-Isoprostane levels, which
are increased by ozone. Values
represent mean � SEM for five
different experiments. In this
series of experiments, the air
control values were as follows:
(A) 21.4 � 1.8 �g DNA/well;
(B ) 670 � 290 pg MCP-1/ml;
(C ) 7,640 � 2,450 pg MIP-
2/ml; and (D ) 961 � 244 pg
8-isoprostane/ml. *P	 0.05 for
the untreated ozone exposure
compared with air. The pound
sign (#) signifies the effect of
IL-1� compared with the ap-
propriate air or ozone control.

DISCUSSION

Ozone initiates an inflammatory response in the distal lung, and
it was our hypothesis that direct ozone exposure would increase
chemokine secretion by type II cells or type I–like cells in vitro.
However, this did not occur. We then tested the hypothesis that
there would be a synergistic effect of ozone with IL-1� or LPS.
Although we demonstrated a direct effect of IL-1� and LPS on
MCP-1 and MIP-2 secretion, we observed no synergy with
IL-1� given before or after ozone exposure or LPS given before
ozone exposure. We conclude that direct effect of ozone on
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Figure 6. LPS stimulates the type I–like phenotype to secrete MCP-1 and MIP-2. Type I–like cells were stimulated with increasing concentrations
of LPS (1–100 ng/ml) for 18 h. The medium was changed, and cells were cultured for 24 h before harvest for different assays. (A and B ) The
amount of MCP-1 and MIP-2 secreted in response to LPS. (C) The increase in nitrite in the medium. Each value represents the mean � SEM of
triplicate determinations. The results are representative of two independent experiments. #P 	 0.05 compared with control.

these epithelial cells is unlikely to be responsible for the neutro-
phil influx seen in vivo.
We found no evidence that ozone directly stimulates chemo-

kine secretion from alveolar epithelial cells in vitro. The result
was seen in the original experiments (Figures 2 and 3) and with
pretreatment and post-treatment with IL-1� (Figures 4 and 5)
and post-treatment with LPS (Figures 7 and 9). The dose of
ozone was sufficient to produce ozone toxicity as measured by
cell appearance, 8-isoprostane production, and detachment of
epithelial cells (type I–like cell phenotype). However, the expo-
sure to ozone did not prevent a chemokine response. Both pheno-
types increased chemokine production after ozone exposure in
response to IL-1�. Moreover, doses up to 400 ppb did not evoke
a chemokine response (Figure 3). Although the medium was
removed, there likely remained some surface liquid, which could
provide an alternative substrate for ozone. We chose to keep
the medium for the exposures the same as the culture medium
to reduce the number of potential confounding variables for the

Figure 7. Pretreatment with LPS does not alter the ozone effect on the type I–like phenotype. Type I–like cells were primed with 10 ng /ml of LPS
for 18 h before filtered air or ozone exposure. Cells were cultured in fresh media for 24 h after exposure and before collection of media and cells
for different assays. (A ) Cell by DNA/well, which is a measure of cell detachment or toxicity. (B and C ) MCP-1 and MIP-2 secretion. (D and E )
Nitrite and 8-isoprostane release into the medium. Each value represents the mean � SEM for three experiments. *P 	 0.05 for the untreated
ozone exposure compared with air. The pound sign (#) signifies the effect of LPS compared with the appropriate air or ozone controls (P 	 0.05).

chemokine response. It is unlikely that any of the potential
targets for ozone in the residual medium blocked the effect of
ozone because we observed toxicity and because there was no
chemokine response with ozone exposures up to 400 ppb for
60 min.
Although a direct effect of ozone on the epithelium seems

unlikely to explain in vivo observations, we believe that it is
probable that the alveolar epithelium participates in regulation
of the inflammatory response to ozone. Ozone may produce
signaling molecules by reaction with surfactant or cause complex
cell–cell signaling pathways. Ozone is a very reactive gas, and
it is estimated that it may penetrate only 0.1 �m in biologic
fluids (37). There are substrates for ozone oxidation in alveolar
fluid that include surfactant, glutathione, urate, and ascorbate
(38–41). Oxidation of these substances by themselves could pro-
duce inflammatory reaction products, or such substances might
stimulate resident cells to secrete neutrophil chemokines.
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Figure 8. LPS stimulates type II cells to secrete MCP-1 and MIP-2. Type II cells were stimulated with increasing concentrations of LPS (10 ng/ml–
1 �g/ml) for 18 h. Medium was changed, and cells were cultured for 24 h before harvest. (A and B ) Amount of MCP-1 and MIP-2 secreted in
response to LPS. (C) Increase in nitrite in the medium. Each value represents the mean � SEM for n 
 3. #P 	 0.05 compared with control.

Recently, ozone-induced reaction products of surfactant,
especially 1-palmitoyl-2-(9�-oxo-nananoyl)-glycerophosphocho-
line (9-al PC), 5 �,6�-epoxycholesterol, and cholestan-6-oxo-
3�,5�-diol, have been shown to be cytotoxic and could be signal-
ing molecules (42, 43). The effects of these potential signaling
molecules were not tested in our studies. The oxidized phosphati-
dylcholine (9-al PC) initiates apoptosis in A549 cells and can be
generated at physiologic concentrations in vitro with as little as
125 ppb ozone for 4 h reacting with pulmonary surfactant (42).
The oxidized cholesterol products due to ozone are also very
biologically active on cultured bronchial epithelial cells and can
be produced by ozone exposure in vivo and recovered in alveolar
lavage fluid (43, 44). Another possibility for the in vivo effects
of ozone is that ozone alters alveolar epithelial cells, especially
type I cells, to secrete a factor that stimulates other resident
cells, such as alveolar type II cells or alveolar macrophages, to
secrete chemokines. This possibility can be tested but is beyond
the scope of this article.

Figure 9. Pretreatment with LPS does not alter the ozone effect on the type II cell phenotype. Type II cells were primed with 10 ng /ml of LPS
for 18 h before filtered air or ozone exposure. Cells were grown in fresh media for 24 h after exposure and before collection of media and cells
for different assays. (A ) Cell DNA/well, which is a measure of cell attachment or toxicity. (B and C ) MCP-1 and MIP-2 secretion. (D and E ) Nitrite
and 8-isoprostane release into the medium. Each value represents mean � SEM for n 
 3. *P 	 0.05 for the untreated ozone exposure compared
with air. The pound sign (#) signifies the effect of LPS compared with the appropriate air or ozone control (P 	 0.05).

We may have selected the wrong chemokine to measure.
We chose to measure MCP-1 and MIP-2 (CCL2) and MIP-2
(CINC-3, CXCL3) because the mRNAs for these chemokines
are increased by ozone in vivo (45). In addition, we measured
CINC-1, CINC-2, and CXCL5. In other studies, type II cells
have been reported to secrete a variety of chemokines, including
IL-8, MIP-1�, and RANTES, in addition to MCP-1 and MIP-2
(28). Although we think that this is unlikely, alveolar epithelial
cells could be secreting rat homologs of these other proteins.
We also did not test for leukotriene B4 (LTB4) or platelet
activating factor secretion, which have been reported to be possi-
ble chemoattractants for neutrophils after ozone exposure.
We were surprised to find no synergy with LPS or IL-1�.

In vivo LPS treatments have been reported to increase the neu-
trophilic response to ozone (29). More recently, Johnston and
colleagues (46) reported that LPS given before ozone produced
a synergistic response, whereas LPS given after ozone produced
ablunted response.However, in this study, onlymRNAabundance
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was measured, and protein levels of chemokines and neutrophil
influx were not reported. Again the differences between in vivo
and in vitro observations suggest a more complex signaling
process.
To our knowledge, this is the first report demonstrating that

two different primary alveolar cell types, which differ morpho-
logically and in expression of their respective markers, were
studied simultaneously for ozone toxicity. The type I–like cell
phenotype was more sensitive than the type II cell phenotype
to ozone exposure as measured by cell detachment at 24 h (47).
This observation is compatible with the in vivo studies. It is not
clear if this represents a fundamental susceptibility to injury
based on reduced antioxidant or repair capability or is due to
the larger surface area exposed to ozone. The cell density for
the type II cell phenotype is about five times that of the type I–
like cells. In vivo, type I cells represent about half the number
of type II cells and cover � 95% of the alveolar surface. The
sensitivity of our cultures to ozone is also similar to the sensitivity
of rat alveolar epithelial cells reported by Check and colleagues
(16), who demonstrated an increase in epithelial permeability
with ozone exposure.
In conclusion, the elicitation of the chemokine response after

ozone exposure in vivo is likely to be complex. We believe that
it involves oxidation products of surfactant and complex cell–cell
interactions. Type I–like and type II cell phenotypes can produce
chemokines and may participate in the inflammatory response
in vivo. However, the simple direct effect of ozone on the epithe-
lium is unlikely to be the mechanism for chemokine production
observed in vivo.
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